Introduction {#sec1-1}
============

Sarcopenia and osteoporosis are recognized as two major health problems worldwide, responsible for a serious clinical and financial burden due to the increasing life expectancy. Although it can also develop in young adults, loss of bone and muscle affects predominantly elderly patients leading to a huge increase in physical disability, hospitalizations and mortality.

According to the World Health Organization (WHO), osteoporosis is a "systemic skeletal disease, characterized by low mass and micro architectural deterioration of bone tissue, leading to enhanced bone fragility and a consequent increase in fracture risk"\[[@ref1]\]. The age-standardized prevalence of osteoporosis in the European population is 12% for women and 12.2% for men aged 50-79 years, with an overall age-standardized incidence of 10.7 per 1000 person-years in women and 5.7 per 1000 person-years in men\[[@ref2]\] and it is expected to increase to more than 14 million worldwide by 2020\[[@ref3]\].

Sarcopenia is a "syndrome characterized by progressive and generalized loss of skeletal muscle mass and strength with a risk of adverse outcomes such as physical disability, poor quality of life and death"\[[@ref4]\]. Sarcopenia is a condition still partly unknown and under-diagnosed in the clinical practice. Even if a univocally accepted definition of sarcopenia has not yet been defined, its prevalence is estimated around 13% in individuals between 60 and 70 years, despite it can reach reaches almost 50% of people over 80 years of age\[[@ref5]\].

Bone and muscle are two closely interacting tissues for several reasons. The most intuitive reason is their complementarity in allowing the function of locomotion: the force generated by muscular contraction needs to be anchored on a solid support such as the skeleton and, at the same time, itself stimulates bone growth and remodeling\[[@ref6]\].

However, a bidirectional relationship between bone and muscle takes place also at other different levels of cross-talk, in particular through systemic humoral pathways, but also at the cellular and molecular levels. Several studies in the last decades have focused on how muscle tissue and bone tissue coordinate their development and their response to the load by communication through paracrine and endocrine signals\[[@ref7]\]. Therefore, between bone and muscle there is not only a functional correlation but also a close relationship in the development and in maintenance, which is well expressed by the concept of "bone-muscle unit"\[[@ref8]\].

Consequently, a linear association exist between the two chronic diseases, osteoporosis and sarcopenia\[[@ref9]\]. The pathogenic mechanisms underlying both of them are multiple and complex. Certainly aging plays the main role in the loss of both bone and muscle mass and functions\[[@ref10]\], but, in addiction to age-related modifications, many other causes can be involved, such as environmental, nutritional, metabolic, endocrine and pharmacological ones (physical inactivity, malnutrition, vitamin D deficiency, corticosteroid treatments, decline in serum estrogen, androgen, IGF-1 or increased level of pro-inflammatory cytokines)\[[@ref11]\].

The severity of these disorders lies in the fact that sarcopenia and osteoporosis lead to the state of "frailty" of the elderly, with an important increased risk of falls, fractures, hospitalization, institutionalization and mortality, both when presented as a single entity and in the form of "osteosarcopenia"\[[@ref12]-[@ref14]\].

Therefore, it is mandatory, in the clinical assessment of both diseases, to do an early diagnosis or to delay as far as possible the appearance of an established form in order to prevent the onset of complications. Several techniques are available in this field: the double energy X-ray absorption (DXA) is the reference standard in the diagnosis of both osteoporosis and sarcopenia, but nowadays accurate and reliable techniques such as computed tomography (CT), magnetic resonance imaging (MRI) and ultrasound are available and able to provide further important information on different aspects of the same pathologies.

Imaging of osteoporosis {#sec1-2}
=======================

Conventional radiography represents the most common technique to recognize a generalized osteoporotic condition.

The principal radiographic findings of osteoporosis are increased radiolucency, cortical thinning and changes in the trabecular pattern\[[@ref15]\] ([Figure 1](#F1){ref-type="fig"}).

![Side x-ray of lumbar spine in a young patient with osteoporosis.](JFSF-3-138-g001){#F1}

Radiolucency is the result of the progressive reduction of bone mineral content (BMC) and of the loss of the trabecular microarchitecture; cortical thinning, as the changes in the trabecular pattern, results from the resorption process in the endosteal, periosteal and intracortical layers\[[@ref16]\]. All these features, however, can be depicted when the amount of bone loss reaches at least the 30%, so when the disease is in advanced stages\[[@ref17]\].

Because the aim of osteoporosis therapy is to prevent fractures, with all their consequences on the quality of life and social costs, it is mandatory to diagnose osteoporosis in early stages. To do that it is necessary to resort to densitometric techniques that give information on subtle variation in bone mineral density (BMD), a factor that influences bone strength for about 70%.

DXA in osteoporosis {#sec2-1}
-------------------

According to WHO, Dual-Energy X-ray Absorptiometry (DXA) is currently the standardized method for the diagnosis of osteoporosis. It is a quantitative technique, which allows measurement of bone mineral density (BMD) with high reproducibility, by exposing the patient to a low radiation dose (1-6 µSv)\[[@ref18]\]. The BMD can be easily assessed at those sites particularly relevant to osteoporosis fractures (lumbar spine, proximal femur and distal radius) and is expressed in g/cm^2^ as standard deviation (DS) from the mean value expected in a young (peak mineral density) healthy subject (T-score) or in a person with the same age and sex (Z-score). By current criteria, osteoporosis can be diagnosed when T-score value is below -2.5 SD; when it is between -1.0 and -2.5 SDs the osteopenia, the patient is diagnosed with osteopenia\[[@ref19],[@ref20]\] ([Figure 2](#F2){ref-type="fig"}).

![Dual energy X-ray absorptiometry image of a PA lumbar spine. The study includes the L1-L4 vertebral bodies.](JFSF-3-138-g002){#F2}

![Dual energy X-ray absorptiometry of the left hip. The area of analysis (ROI) is placed on the femoral neck. This 62 years old female patient was diagnosed with osteoporosis (T-score -3.2).](JFSF-3-138-g003){#F3}

DXA BMD, moreover, features the 60-80% of the mechanical strength of the bone. For this reason, DXA is considered the gold standard also for the fracture risk assessment\[[@ref21],[@ref22]\]. Low BMD values (in particular BMD proximal femur measurement) increase low-trauma fracture risk, along with several other risk factors that are included in the clinical practice in the calculation of the Fracture Risk Algorithm (FRAX). The FRAX result indicates the patient's 10-years probability of fracture at one of the major osteoporotic sites\[[@ref23]\].

The osteoporotic fracture risk is linked not only to bone mass but also to bone quality\[[@ref24]\]. Furthermore technical factors (errors in patient position or physical artifacts, such as those due to obesity) can affect BMD measurements made by DXA and vertebral diseases (osteoarthritic spondylosis, osteophytes, scoliosis or vertebral fracture) or extrinsic artifacts (from aortic calcifications or surgical clips) can falsely raise the results\[[@ref25]\].

For a more accurate evaluation of osteoporotic patients, software was developed to evaluate some geometric parameters related to bone strength.

The Hip Structure Analysis (HSA) allows evaluating geometric variables (the length of the proximal hip axis (HAL), the moment of inertia of the cross-section, the angle of the neck shaft and the area of the cross-section) on the DXA two-dimensional images of the hip. These measurements correlate with similar parameters obtainable with three-dimensional techniques (quantitative computed tomography (QCT)) and are indicative of fracture risk\[[@ref26],[@ref27]\].

The Trabecular bone score (TBS), instead, provides a measure of the pixel grey-level variations of vertebral bodies in DXA images of the lumbar spine (L1-L4)\[[@ref28]\] Compared to HAS, the TBS has a stronger correlation with the corresponding QCT parameters (such as bone volume, tissue volume or trabecular number) and provides accurate indirect information on the trabecular microarchitecture\[[@ref29]\].

Recently it has been shown that TBS is a predictor of fracture risk independent of BMD and partly independent of FRAX: low TBS values reflect weaker, fracture-prone microarchitecture\[[@ref30]\]. Moreover, TBS undergoes a progressive increase after osteoporosis treatment, but nowadays it, alone, is not yet recommended to evaluate treatment response\[[@ref31]\].

Finally, a quantitative vertebral morphometry can be obtained from the DXA with vertebral fracture assessment (VFA) scans. It is mainly performed on images of lateral spine (from T4 to L4), using the semi-quantitative method of Genant\[[@ref32]\]. Compared to standard radiography, the quantitative vertebral morphometry allows a more precise assessment of fracture status with of lower radiation exposure\[[@ref33]\].

Quantitative Computed Tomography in osteoporosis {#sec2-2}
------------------------------------------------

In the quantitative skeletal assessment, Quantitative Computed Tomography (qCT) provide a true volumetric measurement of BMD, expressed in g/cm^3^ , and, unlike the DXA, is able to perform a selective evaluation of trabecular tissue concerning cortical bone.

QCT is usually applied to the lumbar spine or to the proximal femur (axial qCT) with a standard CT scanner and a phantom, which acts as bone mineral reference standard to calibrate each scan\[[@ref34]-[@ref36]\]. The results can be expressed as BMD or in terms of absolute T-score and Z-score values. They provide pertinent information on bone strength and they are highly sensitive in predict fracture risk: a BMD ranging from 80 to 110 mg/cm^3^ is associated to mild risk of fracture, a BMD value between 80 and mg/cm^3^ is associated with a moderate risk of fracture, while a BMD value lower than 50 mg/cm^3^ is associated to severe risk of fracture\[[@ref37]\] ([Figure 3](#F4){ref-type="fig"}).

![QCT based volumetric bone mineral density (vBMD) measurements in L1, L2, L3 and L4. Measurements were performed in automatically placed oval regions of interest (yellow marked). The patient, with an Average BMD of 62.4 mg/cm^3^ had a moderate risk of fracture.](JFSF-3-138-g004){#F4}

However, due to the high dose of radiation delivered and to the risk that several bone marrow changes may affect the measurements, its application in clinical use has been narrowed\[[@ref17],[@ref38]\].

These limits are reduced when qCT is applied to the distal radius and tibia (peripheral qCT)\[[@ref39]\]. Dedicated scanners provide separate assessment of cortical and trabecular bone at appendicular site and post-processing softwares produce information on the geometric bone stability, related to bone strength\[[@ref40]\].

There is also the possibility to apply a high resolution quantitative computed tomography (HR-QCT) to the peripheral bones but the high costs limit its application to few research centers\[[@ref41]\].

Magnetic Resonance Imaging in osteoporosis {#sec2-3}
------------------------------------------

High-resolution MRI is another technique available for bone assessment in osteoporotic patients, with the great advantage of being ionizing radiation free.

To obtain micro-architectural data of trabecular bone, MRI is particularly applied to the peripheral skeleton (distal radius and calcaneus) although with current progress it is starting to use it to other bone sites like the proximal femur\[[@ref42],[@ref43]\].

In clinical practice, however, the use of MRI in this sense is limited. It is mainly used in the evaluation of vertebral fractures of dubious significance, as it is able to differentiate with high precision benign fractures from malignant ones. MRI can also provide information on different aspects of bone physiopathology compared to previous methods. In osteoporotic vertebral bodies, fat cells replace the trabecular bone network and edema infiltrates the bone marrow. At lower values of bone mineral density, in fact, corresponds an increased vertebral marrow fat content and a reduced vertebral marrow perfusion\[[@ref44],[@ref45]\].

Ultrasound in osteoporosis {#sec2-4}
--------------------------

Quantitative Ultrasound (QUS) is the technique most recently focused on for the evaluation of bone diseases. It has important practical advantages, like being a non-invasive, low cost, real-time and radiation-free method\[[@ref17],[@ref46]\]. QUS employs ultrasound in a frequency range between 200 kHz and 1.5 MHz to provide indirect information about bone density and bone quality. In particular, it analyzes the interactions between ultrasound and bone at peripheral skeletal sites, especially at the calcaneus, the distal metaphysis of the phalanx, the radius and the tibia\[[@ref47]\]. QUS results can be expressed in absolute values or in T-score and Z-score linked to normative reference data ([Figure 4](#F5){ref-type="fig"}).

![Quantitative Ultrasound of the distal metaphysis of the first phalanges of fingers II-V: osteoporosis with high fracture risk.](JFSF-3-138-g005){#F5}

The QUS most widely adopted bone parameters are the broadband ultrasound attenuation (BUA, expressed in dB/MHz), a parameter closely related to micro architectural characteristics of trabecular bone, and speed of sound (SoS, expressed in m/s), which is closely related to bone mineral density. Other parameters (Stiffness Index (SI), Quantitative Ultrasound Index (QUI) and Amplitude Dependent-Speed of Sound (AD-SoS)) derive from the combination of BUA and SoS and provide complementary information on bone structural integrity.

Several studies provide that ultrasound are able to give complementary information on bone structure to that provided by DXA and to predict osteoporotic fracture risk. Moreover, the versatility of the method makes it a useful tool in children and all the other cases where it is preferable to avoid the use of ionizing radiation. (48)

However, even if QUS can be a useful screening tool for the estimation of fracture risk, it cannot be used as stand-alone method for the diagnosis of osteoporosis and assessment of treatment response because it's an operator-employee, scarcely reproducible and it provides just an indirect measurement of bone density\[[@ref49]\].

Imaging of sarcopenia {#sec1-3}
---------------------

According to the European Working Group on Sarcopenia in Older People (EWGSOP), the diagnosis of sarcopenia needs the presence of low muscle mass with low muscle strength or physical performance. Thus, imaging plays an important role.

Three imaging techniques can be used for estimation of muscle mass: computed tomography (CT scan), magnetic resonance imaging (MRI) and dual-energy X-ray absorptiometry (DXA). A little role can be played also by Ultrasound (US).

DXA in sarcopenia {#sec2-5}
-----------------

Despite CT and MRI are considered gold standards methods for estimating muscle mass, high cost and radiation exposure limit their use in the clinical practice\[[@ref50]\].

But as demonstrated in several studies, there is a good level of correlation between BC at lower limbs derived by DXA and those derived by CT and MRI, with a little underestimation of the degree of sarcopenia by DXA\[[@ref51]\].

For this reason DXA can be considered, according to the EWGSOP, the preferred technique in clinical routine for the assessment of muscle mass\[[@ref4]\]. In fact, with its features of low radiation exposure and fast acquisition time, it allows the evaluation of Body Composition (BC) with a single whole-body scan, providing high-resolution images and very accurate and precise data\[[@ref52]\].

Particularly, DXA provides a three-component model of body composition, which allows an estimation of fat mass, body mineral content, and lean mass both in a single body region of interest and at whole-body level. The measurements are based on the different degrees of X-ray attenuation by human tissues, distinguishing bone and the remaining soft tissue. Consequently, it doesn't provide a direct measurement but an estimation of the amount of lean mass (LM) and fat mass (FM) by calculating it in the adjacent areas, assuming that soft tissue BC is similar to bone-free tissues\[[@ref53]\].

BC parameters by DXA include Lean Mass Index (LMI= Total LM/height\[[@ref2]\]), appendicular lean mass (ALM= arms LM + legs LM), appendicular lean mass index (ALMI= ALM/height\[[@ref2]\]), android/gynoid ratio; fat mass index (FMI= fat mass/height\[[@ref2]\]). An example of DXA body composition assessment is in \[[Figure 5](#F6){ref-type="fig"}\].

![DXA body composition report of a 52 years old male patient.](JFSF-3-138-g006){#F6}

The most used measurement for assessing sarcopenia is ALMI\[[@ref54]\] because preservation of appendicular skeletal mass is essential to mobility and functional independence in the elderly\[[@ref55]\].

In the ISCD guidelines, "low lean mass" could be defined using ALMI with Z-scores obtained from a young adult, gender and race matched population. A value of ALMI less than 2 Z-score allows the diagnosis of sarcopenia. Some threshold has been proposed but not yet validated.

DXA exposes the patient to minimal radiation, representing an attractive alternative method both for research and for clinical use to distinguish fat, bone mineral and lean tissues. However, the main limit is that the equipment is not portable, precluding its use in large-scale epidemiological studies.

Computed Tomography in sarcopenia {#sec2-6}
---------------------------------

CT and MRI, as already stated, are considered the gold standard to evaluate BC and quantitative and qualitative changes in muscle mass.

CT is a cross-sectional imaging method able to distinguish the different tissues on their specific X-ray attenuation, providing information on muscle quantity and composition\[[@ref17]\].

On CT, normal density values for muscle density range from 40 to 100 Hounsfield units (HU); with fatty infiltration, consequent to aging, pathological conditions or disuse, there is a reduction of muscle HU values between 0-30 HU.

Post-processing reconstruction algorithms allow quantitative evaluation of muscle composition and adipose tissue distribution with high accuracy, as demonstrated by Mitsiopoulous et al. that studied the correlation between some CT features (values of upper and lower limbs, adipose tissue-free skeletal muscle, adipose tissue adjacent to muscle, interstitial adipose tissue) in living people and in cadaveric bodies\[[@ref56]\].

Muscle segmentation can be performed with specific software using HU density thresholds, usually at the level of L4 vertebra to measure psoas muscle cross-sectional area (CSA) and at T12 level to measure paraspinal muscles CSA.

Nonetheless, the main limitations of CT are the high radiation dose and the high cost\[[@ref57]\]. A valid alternative to CT is the pQCT. As CT, in fact, it can provide CSA of soft tissue and estimation of the muscle density, but with lower effective dose (\<1 *µ*Sv per scan) and cost.

Even if originally designed to assess osteoporosis, so, it can be used for soft tissue evaluation, but the analysis is limited to peripheral limbs, up to the mid-tigh. In pQCT typical muscle density ranges from 65 to 90 mg/cm^3^ \[[@ref58]\]; in case of fatty infiltration the density values are lower. Muscle CSA and muscle density can be obtained with dedicated manufacturer softwares after a semi-automated muscle segmentation\[[@ref59]\].

Usually, the image acquisition and analysis are performed at the 66% tibia and 65% radius sites, but there is not yet a validated protocol. This is the main limitation of pQCT.

Magnetic Resonance Imaging in sarcopenia {#sec2-7}
----------------------------------------

As CT, MRI produce cross-sectional images allowing for segmental and total measures of fat and lean mass\[[@ref51],[@ref59]\].

In the study of BC, MRI plays an important role. It differentiates between adipose tissue and fat-free mass without the use of ionizing radiation, but with radiofrequency pulse sequences; in particular adipose tissue is characterized by a short T1 and a long T2 proton relaxation time\[[@ref60]\]. The different physical base principles of MRI are the major advantage of MRI, making it suitable for follow-up and for monitoring disease progression and therapy efficacy.

Relying on the different molecular properties of tissues, with MRI is possible to distinguish at the same time qualitative abnormalities such as changes in muscle structure, edema, or intramuscular adipose tissue or fibrosis\[[@ref61]\] ([Figure 6](#F7){ref-type="fig"}) and to assess muscle composition by several quantitative techniques. Among these, Dixon MRI and chemical shift sequences offer the possibility for water-fat separated MRI evaluation\[[@ref62]-[@ref64]\], giving measurements of muscle volume and degree of fat infiltration\[[@ref65]\].

![T1 weighted MRI images of the thighs of a young girl with Ehlers-Danlos syndrome: severe fatty infiltration of the quadriceps muscles.](JFSF-3-138-g007){#F7}

Moreover, MRI with diffusion tensor imaging (DTI) evaluates muscle microstructure and fatty infiltration measuring anisotropy in water diffusion\[[@ref66]\]. A further possibility is spectroscopy with its precise quantification of the percentage of intracellular fat.

In the last years, many studies focused on the age-related changes in skeletal muscle mass using MRI.

Jansen et al. observed that, with the advancing age, the loss of muscle mass was higher in the lower limbs than in the superiors in both genders\[[@ref67]\]; moreover, several studies noted structural difference of muscles of the lower limbs in elderly in comparison with young people\[[@ref68]-[@ref70]\].

A study by Braun et al. documented a larger contractile CSA of the tibialis anterior muscle and smaller amount of intramuscular non-contractile tissue in healthy people between 25 and 45 years old in comparison with older (65-85 years old)\[[@ref71]\].

These features make MRI, together with CT, the gold standard in the assessment of sarcopenia, but the high cost, the complexity and the limited availability on the territory limit its use in clinical practice\[[@ref4],[@ref17],[@ref72]\]. Furthermore, also for MRI, the lack of a standardized assessment protocol in image analysis represents a strong weakness, limiting the comparison among different studies.

Ultrasound in sarcopenia {#sec2-8}
------------------------

One of the main limit of CT and MRI is the lack of feasibility in the clinical routine, despite they are considered the gold standards in the assessment of BC; ultrasound represents a practical non-invasive alternative technique to evaluate BC and muscle mass\[[@ref73]\] as showed in some studies in which the measurements of muscle mass had a good correlation with those found with MRI\[[@ref74]\].

The US main advantages are simplicity, low cost, and lack of radiation exposure.

Also for US, the assessment is not standardized and, to the best of our knowledge, it is not included in the diagnostic algorithm of any operative definition of sarcopenia\[[@ref75]\].

The parameters most commonly evaluated by ultrasound technique are muscle thickness, CSA, echo intensity, fascicle length and pennation angle of the lower limbs. This last one is the angle between a fascicle's orientation and the tendon axis; is an important muscle feature that determines the fascicle's force contribution to skeletal movement\[[@ref76]\]. Anyway, all of these parameters provide information about mechanical and contractile proprieties and are affected by aging; however, together with the site-specific cut-off points, they are not validated to be included in diagnostic algorithms for the ultrasound-based assessment of muscle mass in elderly patients.

Conclusion {#sec1-4}
==========

The concept of Bone-Muscle Unit is a synthesis of the deeply relation in function and development between bone and muscle. In fact, the maintenance and functionality of bone mass and muscle mass are deeply related, and both of them are affected by age and metabolic disease.

The combination of osteoporosis and sarcopenia, with their consequences, has a high impact on quality life and, given the rise in life expectancy, shows an increasing social interest.

It results mandatory to properly diagnose these diseases at the early stages, to prevent their clinical onset and consequences.

For that, this review aims to present the different imaging modalities available for a non-invasive investigation of bone and muscle mass and quality in osteoporosis and sarcopenia, with their application and limitations.

DXA is the reference standard for diagnosis and management of osteoporosis, furthermore, it offers the possibility to assess BC with accurate values compared to CT and MRI (currently considered the Gold Standard for the diagnosis of sarcopenia), but with the advantages of lower costs and wider availability.

For this reasons, DXA is emerging as the new Gold standard for the diagnosis of sarcopenia.
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